Abstract-Individuals with C5/C6 spinal cord injury (SCI) have a number of paralyzed muscles in their upper extremities that can be electrically activated in a coordinated manner to restore function. The selection of a practical subset of paralyzed muscles for stimulation depends on the specific condition of the individual, the functions targeted for restoration, and surgical considerations. This paper presents a musculoskeletal model-based approach for optimizing the muscle set used for functional electrical stimulation (FES) of the shoulder and elbow in this population. Experimentally recorded kinematics from able-bodied subjects served as inputs to a musculoskeletal model of the shoulder and elbow, which was modified to reflect the reduced muscle force capacities of an individual with C5 SCI but also the potential of using FES to activate paralyzed muscles. A large number of inverse dynamic simulations mimicking typical activities of daily living were performed that included 1) muscles with retained voluntary control and 2) many different combinations of stimulated paralyzed muscles. These results indicate that a muscle set consisting of the serratus anterior, infraspinatus and triceps would enable the greatest range of relevant movements. This set will become the initial target in a C5 SCI neuroprosthesis to restore shoulder and elbow function.
pronation, elbow extension, and shoulder adduction and horizontal flexion are paralyzed, while their antagonists (performing forearm supination, elbow flexion, and shoulder abduction and horizontal extension) retain at least partial voluntary control. Glenohumeral and scapular stability can be severely impaired by paralysis of rotator cuff and serratus anterior muscles, respectively [2] . This paralysis pattern greatly limits the ability to reach specific areas of the arm's workspace and also prevents mechanical coordination between different motions needed for other functions.
Neuroprostheses are systems that use functional electrical stimulation (FES) to activate paralyzed muscles in a coordinated way so that useful function can be provided. A neuroprosthesis activates the peripheral nervous system by delivering electrical impulses to the motor neurons innervating the paralyzed muscles, thus replacing the electrical signals coming from the brain through the injured spinal cord. Individuals with a C5/C6 SCI have been provided with functional hand grasp through the use of an upper extremity neuroprosthesis, improving their ability to handle objects [3] , [4] . However, paralysis and weakness of shoulder and elbow muscles results in a considerable reduction in the person's ability to perform basic daily activities that require positioning of the arm in space. FES to restore proximal arm function has been explored experimentally but has not been widely deployed into clinical settings. Percutaneous and surface FES systems developed for C4 SCI have used preprogrammed patterns of stimulation of arm muscles to restore simple functions like feeding [5] [6] [7] . In the C5-C6 SCI population, the conditions are very different than for C4 because many proximal muscles retain voluntary control and there is less proximal denervation [8] . Crago et al. [9] stimulated the triceps muscles of two C6 SCI individuals to restore elbow extension sufficient to allow the users to efficiently move objects within an expanded workspace. Although they demonstrated the basic feasibility of stimulating proximal muscles to restore function, none of these earlier studies systematically investigated the importance of stimulating specific muscles for increasing function while simultaneously maintaining shoulder (glenohumeral and scapular) stability.
The complexity of the shoulder has been a particular challenge for movement restoration. The shoulder mechanism consists of several joints (sternoclavicular, acromioclavicular, and glenohumeral) and an articulation between the medial border of the scapula and the thorax. The coordinated actions of several muscles acting across these joints results in a very large range of shoulder motion and the ability to reach, lift, and move objects by precise placement of the hand [10] . This ability is severely hampered by cervical SCI. It is not practical with existing FES technology to stimulate all the paralyzed muscles of the shoulder and elbow, so some rational technique for selecting a subset of these muscles to maximize restored function while maintaining shoulder stability (both scapular and glenohumeral) must be developed.
In this study, we have modified a musculoskeletal model of the human elbow and shoulder to reflect the effects of paralysis due to C5 SCI and then performed a large number of inverse dynamic simulations to investigate the ability of the remaining "voluntary" muscles, combined with limited subsets of "stimulated" muscles, to provide important functional motions (reaching above shoulder level and across the midline of the body) while maintaining shoulder stability. Such simulations provide a systematic method for evaluating different muscle sets without tedious trial-and-error experiments with human subjects, and provide the capability of customizing the model for specific subjects.
II. METHODS
Experiments were conducted during which the 3-D shoulder and elbow kinematics of four able-bodied subjects were recorded during a series of arm movements. These kinematics became the input to an inverse dynamic musculoskeletal model of the shoulder and elbow that was modified to reflect a C5 SCI individual by reducing the maximal forces that each muscle could generate, including setting muscles that are typically paralyzed to have zero maximum force. Furthermore, the potential of FES to generate force in some of the paralyzed muscles was simulated by setting their maximum forces to 50% of able-bodied maximum. The patterns needed from the voluntary and stimulated muscles for each of these movements were obtained by running the model in an inverse dynamic fashion. The effectiveness of a given set of stimulated muscles was assessed by the number of motions that could be successfully simulated by the model for that set (plus the voluntary muscles). The experimental protocol was approved by the Institutional Review Board of MetroHealth Medical Center and all the subjects gave informed consent.
A. Experimental Recording of Shoulder and Elbow Kinematics
Arm movements from four able-bodied subjects were recorded using an Optotrak system (Northern Digital Inc., Waterloo, ON, Canada), as shown in Fig. 1 , with the goal of tracking the bony landmarks necessary to generate local coordinate systems and reconstruct the orientation of the shoulder and elbow bone segments (i.e., clavicle, scapula, humerus, and radius-ulna) [11] . Infrared emitting diode (IRED) marker clusters were fixed over the thorax, humerus and forearm of the subject to track the locations of the thorax, humerus, and radius-ulna dynamically. The locations of the scapula and clavicle are difficult to track dynamically, so we used a palpation technique [12] to measure scapular kinematics statically at 15 locations across the range-of-motion of the arm and then estimated the orientations of the scapula and clavicle during the movements based on glenohumeral motions using a regression approach that assumes that the static scapulohumeral rhythm is preserved during normal movements [13] . Subjects performed several movements while the kinematics were measured, including: 1) planar movements such as shoulder abduction/adduction, flexion/extension, horizontal flexion/extension, internal/external rotation and elbow flexion/extension and pronation/supination, 2) reaching movements at the knee level, midlevel, shoulder level, and above-shoulder level, and 3) a set of activities of daily living (ADL) comprised of simulated feeding, drinking, hair brushing, and lifting and relocating objects. All kinematics were recorded at 30 Hz.
B. Data Processing
The locations of the various IREDs were processed to obtain the orientations of the thorax, clavicle, scapula, humerus, and forearm and then the various elbow and shoulder joint angles. First, an estimate for the location of the glenohumeral center of rotation (GH) was obtained using a regression procedure based on the positions of bony landmarks from the scapula [14] obtained during the static palpation trials. Second, the static trials were used to calculate two regression matrices. One matrix relates humeral orientation to scapular orientation and the other one relates humeral orientation to clavicular orientation. These matrices were used subsequently to estimate the orientation of the scapula and the clavicle from the humerus orientation during each dynamic trial. Third, the locations of specific bony landmarks on the forearm, humerus, and thorax were computed relative to the marker clusters during the movements, and then used to generate local coordinate systems attached to each bone segment. The relative orientations of these local bone coordinate systems were used to compute the various joint angles (clavicular protraction/retraction, elevation/depression, and axial rotation; scapular protraction/retraction, lateral/medial rotation, and forward/backward rotation; glenohumeral plane of elevation, elevation angle, and axial rotation; and elbow flexion/extension, and pronation/supination). Definitions of the bony landmarks, coordinate systems, and Euler Angle order of rotation were done following the International Shoulder Group recommendations for shoulder and elbow recordings [15] . Previous studies as well as our own experience have validated the accuracy and repeatability of the kinematic collection system [16] [17] [18] .
C. Musculoskeletal Model
We used a musculoskeletal model of the shoulder and elbow developed at the Delft University of Technology that consists of the five bones defining these articulations (clavicle, scapula, humerus, radius, and ulna), 29 muscles, and 17 degrees-of-freedom (DOF) distributed over five joints [19] . In many cases, a single muscle is divided into several elements to represent the different mechanical lines of action and their wide anatomical origins and insertions. The specific morphological and muscle contraction parameters for the model and the anatomical location of the muscles, ligaments, tendons, and bones are as previously published [20] . This model has been extensively used for understanding the mechanics of the neuromuscular system [2] and to diagnose and understand pathologies of interest for clinical research [21] [22] [23] .
1) Inverse Dynamic Simulations:
In an inverse simulation, the inputs to the model are the kinematics of the recorded movements (i.e., the Euler angles with orientations of each bone segment). Additionally, an external endpoint force vector can be applied to simulate loads at the hand. Kinematic data were digitally resampled at 12 Hz, low-pass filtered at 3 Hz and then scaled appropriately to match the model's geometry [20] using an optimization approach. Then the inverse dynamic simulations were performed. Simulations using this model solve the equations of motion of the musculoskeletal system to obtain moments at each of the joints, and the joint moments are then distributed as corresponding forces across the muscles spanning each joint using an optimization cost function related to the muscle energy consumption [24] . The outputs of the simulation are the muscle forces required to achieve the input kinematics. Relative force, muscle force divided by the maximal force of each muscle at its corresponding muscle length, was used in this study as an estimate of muscle activation since muscle dynamics were not included in the model. A "voluntary" muscle is partially controlled by an SCI individual and therefore it is described in the model with a nonzero maximum force. A "stimulated paralyzed" muscle is paralyzed in the SCI individual but in the model it will be provided with a nonzero maximum force to simulate the effect of electrical stimulation. When the model is incapable of reproducing a particular movement, the simulation fails and indicates the source of the error. Typically, the maximum available muscle forces is insufficient to balance the moments at each of the joints or the stability of the glenohumeral joint cannot be maintained [21] . In the model, glenohumeral stability is maintained if the joint force vector is directed inside the glenoid fosa. All movements were simulated with and without a 3 kg simulated weight at the endpoint to account for situations where the individual needs to interact with objects in their workspace.
2) Model Adjustment: To reflect the conditions of a C5 SCI subject, the model was modified by decreasing the maximum relative force that could be generated by each muscle. Estimates of the maximum relative muscle forces in a generic C5 SCI individual were obtained by considering the anatomical innervation levels of each muscle, as well as the results of manual muscle tests (MMT) performed previously on 22 individuals with SCI. The maximum relative forces for muscles for which clear and isolated contractions can be elicited were based primarily on the MMT results. The maximum relative forces for less accessible muscles were based on muscles with similar spinal innervation levels that had clear MMT results. Table I shows the values used. Muscles with some voluntary control have nonzero maximum relative forces, while paralyzed muscles have close to zero maximum relative forces. Maximum relative force, even for voluntary muscles, is never greater than 0.5 because a C5 SCI affects almost all the muscles of the upper arm at least partially. Several paralyzed muscles that could be stimulated to produce muscle contractions were included in selected simulations with a maximum relative force of 0.5. If a given "stimulated paralyzed" muscle was represented in the model using multiple muscle elements, these elements were constrained by the inverse simulation optimization procedure to have the same relative muscle force to simulate the effect of electrical stimulation. In SCI, 50% of able-bodied force generating capability is an approximation and best-case scenario [25] since partial denervation and muscle disuse atrophy are present over most of the paralyzed muscles that could be considered for FES.
D. Selection of Paralyzed Muscles for Stimulation
Extensive simulations were done with the "voluntary" muscles augmented with different combinations of "stimulated paralyzed" muscles, with and without a 3 kg load at the endpoint. To be included in the simulations, a particular muscle satisfied the following conditions: 1) paralyzed but not denervated in a typical C5 SCI individual, 2) surgically accessible for activation by existing FES technology, and 3) demonstrated to be important contributors to the functional movements examined. This final requirement was quantified by performing simulations with the complete (i.e., able-bodied) model, determining the maximum relative forces required from each muscle during these movements, and then computing (for each muscle) a ratio between this maximum able-bodied force and the maximum relative force available from the C5-adjusted model. If this ratio was greater than 1.0 (i.e., muscle strength was insufficient), this muscle was considered a candidate for "stimulation." As will be described in Section III, a total of six muscles were ultimately considered for stimulation.
Inverse simulations of the given set of movements were performed for a total of nine conditions: "able-bodied" (i.e., full muscle strength), "C5 SCI" (i.e., reduced forces to reflect paralysis but not FES), "C5 SCI+6FES" (i.e., reduced forces to reflect paralysis but also including simulated FES of all six candidate muscles), and then six separate simulation sets designated as Fig. 3 . Maximum available relative forces for the C5 SCI adjusted model (light grey)and able bodied maximum relative forces achieved over all simulated movements without weight (black). Muscles have been ranked from left to right according to this ratio. The numerical value of the ratio is written above the bars for muscles of interest. A ratio above 1 (all muscles to the left of the vertical dotted line) indicates that the movements examined require higher muscle forces than can be generated by a typical individual with C5 SCI. (Key for muscle abbreviation taken from Table I ).
"C5 SCI+6FES-XXX," where "XXX" represents one of the six muscles in the candidate set. Removing one muscle at a time from the candidate "paralyzed stimulated" set was done to determine if a given muscle was absolutely essential to perform the examined movements. Because the goal of the study was to maximize the functionality provided by an FES system, the number of failed simulations for each muscle set was used as an outcome measure to compare the various sets of "paralyzed stimulated" muscles. Failure rate was defined as the number of failed timesteps in each movement divided by the total number of timesteps in that simulated trial. When averaged across all movements, the failure rate for a particular muscle thus summarizes the relative consequences of excluding a muscle from the FES set.
III. RESULTS

A. Musculoskeletal Model: Kinematic Inputs and Muscle Activation Outputs
Movement kinematics were obtained from four human subjects as described in Section II. Fig. 2 shows an example of a typical trial corresponding to fifteen seconds of an activity of daily living where a human subject was making movements as if they were eating with a spoon. The top four panels show the various Euler angles derived from the motion analysis procedures that describe the orientations of the clavicle (3 DOF), scapula (3 DOF), glenohumeral joint (3 DOF), and elbow joint (2 DOF). In the illustrated movement, the scapula rotates laterally as the humerus elevates, as expected given a typical scapulohumeral rhythm. The elbow also flexes and extends bringing the spoon to the mouth. The lower six panels of Fig. 2 show the model-predicted relative forces of representative muscles during this movement. As can be seen from the amplitude of the patterns during the movement, the trapezius and deltoids play a major role in elevation of the arm, while the rotator cuff muscles (Infraspinatus and Supraspinatus) preserve the stability of the glenohumeral joint by contracting during almost any action of the arm. The serratus anterior is also rather active to keep the scapula pressed toward the thorax during arm elevation. Finally, pectoralis major, biceps, and triceps are activated in different patterns to locate the arm in the workspace by providing horizontal flexion of the arm and flexion and extension at the elbow. Even though the relative muscle forces presented in the figure are an average over all the elements of the muscle, notice that most of them are under 0.5. However, these were sufficient (and necessary) to generate the joint moments needed for this inverse simulation to be successful.
B. Muscle Selection
As described in the Section II, we chose the initial set of "paralyzed" muscles to consider for FES based on the forces needed during "able-bodied" simulations compared to the likely maximum forces in an individual with C5 SCI. Fig. 3 shows the maximum available relative muscle forces in the C5 model, as well as the maximum relative forces required from the able-bodied model across all simulated movements (using the kinematics of one representative able-bodied subject) without the added mass at the endpoint. The ratio between able-bodied maximum relative forces and C5 maximum relative forces without the mass was calculated, and the muscles were ranked from left to right according to this ratio. The ratio is written above the bars for Some movements are averaged from 2-3 trials where the same movement was repeated. The "able-bodied" columns shows failure rates for simulations with no muscle reduction, the "C5 SCI" for C5 muscle force reductions but no FES, and the "C5+6 FES" column for C5 SCI muscle force reductions plus FES (0.5 maximum relative force) of the 6 selected muscles: serratus anterior, infraspinatus, triceps (medial and lateral heads), coracobrachialis, pronator quadratus and pectoralis major (clavicular head). The remaining columns show the failure rates that occurred when one muscle at a time was removed from the "C5+6FES" muscle set.
muscles of interest. In general, a ratio above 1.0 (i.e., for all muscles to the left of dotted line) indicates that the movement required this muscle but that a typical individual with a C5 SCI will not have sufficient voluntary strength. Several muscles that would be completely paralyzed in C5 SCI are clearly important contributors to the targeted movements: coracobrachialis, pectoralis major, anconeus, the three heads of the triceps, pronator teres, pronator quadratus, serratus anterior and infraspinatus all have ratios greater than 1.0 and thus have a deficit that could potentially be overcome via electrical stimulation. Several muscles on the far right of Fig. 3 (teres major, latissimus dorsi, and pectoralis minor) will typically be paralyzed in C5 SCI, but they were not included in the candidate FES muscle set because they were not required by the specific movements evaluated (i.e., the maximum able-bodied relative forces required for the simulated movements were 0). The candidate muscle set was further reduced because of practical reasons or redundancy. Anconeus was not considered because of its very low force generating capability relative to triceps. Only the medial and lateral heads of triceps were included because the shoulder adduction also produced by the triceps long head has been problematic in previous FES systems where it interferes with the retained voluntary capability of elevating the arm. We chose to include pronator quadratus but not pronator teres because only one is necessary and the pronator quadratus is less likely to have denervation due to its spinal innervation pattern. Thus, six paralyzed muscle groups: coracobrachialis, pectoralis major, triceps, pronators, serratus anterior, and infraspinatus were chosen as candidates for including in an FES system for C5 SCI.
Simulations were then performed with the various combinations of included muscles (detailed in the methods): "able-bodied," "C5 SCI," "C5 SCI+6FES," and "C5 SCI+6FES-XXX." Experimentally recorded motions were simulated with the various modified models, and the percentage of failure was calculated as the number of timesteps where the simulation failed over the total number of timesteps of the trial.
The percentage of failure for different muscle sets and different movement types is summarized in Table II for each muscle set simulated, both with and without the added endpoint mass. The leftmost column shows the types of movements recorded and the remaining columns show the percentages of failure for each condition. The failure rates for the C5 SCI (no stimulation) case were quite large (78.8% and 100% with and without the added mass, respectively), but this was significantly reduced (0.2% and 39.1% with and without the added mass, respectively) in the "C5+6FES" case (i.e., with all of the candidate FES muscles included). The relative importance of each muscle in the candidate FES set can be seen by the increase in failure rate above the "C5+6FES" case. In particular, it is clear that the serratus anterior is critical for these movements-the failure rate was quite high (66.6% and: 99.8% with and without the added mass, respectively) when this muscle was not included in the "stimulated" set. Serratus anterior was therefore chosen as an "essential muscle" that must be included in the FES set. The infraspinatus was also chosen as an essential muscle because 1) removing it resulted in a 64.5% failure rate in the "added endpoint mass" trials, 2) it was the only rotator cuff muscle in the candidate set to assure glenohumeral stability, and 3) since it is under partial voluntary control, the functional effect of selecting it should be equal or better than the outcome of the simulations. Triceps (medial and lateral heads) was also included as an essential muscle. Removing it produced failure rates of 12.2% and 46.5% (with and without the added mass, respectively), and it was especially important for the key ADL tasks of eating (failure rates of 17.8% and 87.8% with and without the added mass, respectively), combing hair (92.8% and 95%), and for high reach movements (36.1% and 67.2%). Pectoralis major, pronator quadratus, and coracobrachialis were not essential (at least for the specific movements simulated) because the failure rates accompanying the deletion of these muscles did not significantly increase the failure rates of the simulations. It is important to note that for all of these simula -TABLE III  MAXIMUM RELATIVE MUSCLE FORCES AVAILABLE FOR THE C5 SCI ADJUSTED  MODEL (LEFT COLUMN) AND THE MODEL-PREDICTED MAXIMUM RELATIVE  MUSCLE FORCES NEEDED TO ACHIEVE THE TARGETED MOVEMENTS IN FOUR  ABLE-BODIED SUBJECTS (RIGHTMOST FOUR COLUMNS) Subject 1 (S1) corresponds to the subject whose kinematics were chosen for the detailed muscle selection process described previously.
tions, failure was always due to lack of muscle force to balance the joint moments and never due to glenohumeral stability. Note that the above analyses were based on the kinematic measurements from a single (representative) human subject to avoid artifacts due to averaging motions from subjects who may perform the tasks differently. The above muscle selection process was repeated in three additional subjects, however, with largely consistent results. Table III shows the maximum relative forces for the generic C5 SCI case and the model-predicted maximum relative forces required for the various tasks as performed by the four different subjects (S1 corresponds to the subject used for the detailed analyses above). The same muscles (e.g., serratus anterior, triceps, pectoralis major, pronator quadratus, infraspinatus, and coracobrachialis) chosen for evaluation for S1 also show a considerable deficit for the other three subjects, indicating that these are indeed key muscles despite kinematic variations in task performance by different able-bodied subjects.
IV. DISCUSSION
In this study, a musculoskeletal model of the upper extremity was used to sufficiently replicate the condition of an individual with a C5 spinal cord injury so that the impact of a neuroprosthesis to restore elbow and shoulder function could be evaluated prior to its actual deployment in human subjects. Specifically we evaluated the likely functional impact of electrically stimulating a number of muscles that are typically paralyzed in this population using inverse-dynamic simulations with the musculoskeletal model that were driven by the upper extremity kinematics of able-bodied subjects. Although the degree of function restored will almost certainly increase as the number of stimulated muscles included increases, we found that three muscles (serratus anterior, triceps lateral and medial heads, and infraspinatus) were "essential" for upper extremity neuroprostheses in that important functional tasks could not be performed if their mechanical contributions were not included. The proposed approach could be used with minor modification for C6 SCI and for other targeted movements, and could be customized for a particular individual with cervical SCI if specific maximum muscle forces can be estimated.
A. Musculoskeletal Model of the Shoulder and Elbow
We performed extensive inverse dynamic simulations of the effects of various FES configurations, various arm movements, and two loading conditions that would have been impractical to test in human experiments. Avoiding the invasiveness of implanting electrodes in the targeted muscles and using objective techniques rather than trial and error to define the magnitude and temporal properties of stimulation patterns is also likely to make this approach an invaluable tool in the ongoing development of advanced upper extremity neuroprostheses.
For the purposes of this study, we simulated a generic C5 SCI and selected a number of functionally important but specific movements to restore. Both of these choices will clearly affect the muscles needed for stimulation because the strengths of paralyzed, denervated, and voluntarily controlled muscles vary and the functional objectives (e.g., reaching and manipulation tasks versus weight shifts) vary across individuals. Thus, our results are specific to the conditions assumed. Although the maximum relative forces assumed for each muscle are just an approximation, it is unlikely that the muscle selection (primary goal of this study) will change by modest changes in these maxima since failure rate was mainly affected by the inclusion or exclusion of muscles. We believe that our results will have broad implications because we used conservative estimates of muscle strength and because of the general nature of many of the movements targeted. Furthermore, the approach described here can be easily customized by simulating different movements and/or by supplying specific values for maximum muscle forces (both voluntary and stimulated). For example, voluntary maximum muscle forces can be estimated for specific individuals using manual muscle test results or by estimates based on MRI measurements of muscle volume [26] . Furthermore, these simulations could be used to determine if including alternative or additional muscles, or using exercise to strengthen these muscles, would substantially improve functional outcome.
The model we used represents many muscles using several elements to account for wide origins and insertions. We constrained all the elements of each "stimulated" muscle to have the same relative force level, thus reflecting the most likely gross actions of FES, with one exception. The serratus anterior, originating on the upper eight ribs and inserting on the medial border of the scapula, is defined in the model by 12 elements and it is usually paralyzed in the C5 SCI population. Our able-bodied simulations showed that this was a key muscle for performing almost any movement. However, when all 12 elements of this muscle were simultaneously activated, the various "C5+FES" simulations were not successful because the relative force levels needed to insure scapular stability (i.e. a compressive force between the scapula and the thorax that prevents scapular winging) also produced secondary "off axis" moments that required forces from antagonistic muscles not included in the FES system. However, we found that stimulating only the lower portion of the serratus anterior resolved this issue. Fortunately, surgical access to the lower part of the serratus anterior (e.g., via a cuff electrode on the long thoracic nerve) is much better than for the upper part of the muscle. We, therefore, simulated FES for only the lower portions of the serratus anterior.
B. Muscle Selection
We selected a set of paralyzed muscles that could be electrically stimulated as part of a neuroprosthesis to restore upper extremity function, The muscles selected are all essential contributors to the functions that we are interested in restoring, i.e., reaching tasks and simple ADL tasks like feeding or lifting objects. Serratus anterior, as mentioned above, is essential for maintaining scapular stability during reaching movements. Triceps is the principal extensor of the elbow and it is required for overhead reaching tasks. Infraspinatus is a rotator cuff muscle that helps maintain glenohumeral stability. We believe that this set of muscles will be enough to provide an increase of the workspace for this population. However, we also recognize that this set of muscles can be augmented or varied according to the level of denervation of the individual or to the number of stimulation channels available. For example, in the candidate muscle set chosen for this study, Pectoralis Major is the main horizontal flexor of the arm and it would be important to increase the workspace near the midline of the body. Pronator Quadratus would help provide precise orientation of the hand when reaching and grabbing an object in the workspace. Our approach would identify these (and other) essential muscles simply by using different targeted motions for the inverse simulations.
We also recognize that individuals with SCI (with or without FES) can learn to perform functional tasks in a perfectly acceptable way that is significantly different from the movement strategies used by able-bodied subjects. In such a case, the optimal muscles to include in an FES system might vary considerably. Choosing optimal movement trajectories subject to muscle strength limitations is a fascinating question that is intractable with existing optimization techniques and computer power. However, we chose rather simple (yet very important) tasks that must be performed in a way that at least approximates able-bodied strategies in order to be functional. Thus, we believe that our choice of essential muscles is likely to be rather general across different individuals with C5 SCI.
Our choice of essential muscles was based largely on a simple, very general index (percentage failure) that summarized behavior across a number of movements. Such a general summary variable inevitably oversimplifies the real situation. For example, if a simulation had three repetitive reaching movements in the upper workspace and it only failed at the extreme of the movement's range-of-motion, the percentage of failure might be large but the movement might actually be feasible if range of motion was reduced by a trivial amount that would not affect functional completion of the task. Another example is a movement that failed for just a few timesteps at the beginning of the trial such that the rest of the movement (which would otherwise be feasible) could not be performed. Such occurrences were very rare in this study, however, and had no real impact on our basic conclusions.
C. Relevance and Future Work
We used a musculoskeletal model of the shoulder and elbow to replicate the condition of an individual with C5 SCI and showed that it was a useful tool in selecting muscles for stimulation and for predicting the likely functional impact of an implanted neuroprosthesis. The methodology developed here could be used by clinicians, surgeons, and engineers to make decisions about neuroprosthesis implementations and rehabilitation strategies. The model can be customized according to the condition of a specific individual with SCI and then used to study the effects of the different interventions available so that an optimal neuroprosthesis can be specified. We hope that deployment of such neuroprostheses will lead to a significant improvement in movement strength, speed, and coordination that will enhance the function of the recipients in activities of daily living.
